Experimental Study of Peripheral Nerve Injury
during Incremental Nerve Elongation Using the
Rabbit Sciatic Nerve
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Stimulating electrode (SN)

Recording electrode (GC)

Fig.1. The external lengthener used.
.

Recording electrode

Stimulating electrode (SN)

Stimulating electrode (FH)

Fig.3. Schematic diagram showing the system for recordi-
ng the compound muscle action potential (CMAP) (A), and
the segmental spinal cord action potential (SSAP) (B).
Stimulating electrodes were placed in contact with the
sciatic nerve at the sciatic notch, the head of the fibula,
recording electrode and needle electrode were inserted into
the lumbar 6/7 epidural space, the lateral head of
gastrocnemius muscle. The CMAP was recorded from a
needle electrode following stimulation by the proximal
electrode. The SSAPs were recorded from the epidural
electrode following stimulation by the proximal and distal
electrodes. ~ GC, lateral head of gastrocnemius muscle;

Fig.2. Appearance of the experimental rabbits after 3 cm
femur elongation. (A) A rabbit in group 1. (B) A rabbit

in group 4. FH, fibula head ; SN, sciatic notch.
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Fig.4. Normal and elongated sciatic nerves. The sciatic
nerve between the sciatic notch and fibula head was
effectively elongated about 3 cm, and the elongated. nerve
(E) was thinner macroscopically than that on-the normal
side (N).
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Fig.5. Radiographs of a femur from a rabbit in group 2 (A) and a femur from a rabbit in group 3 (B). The femurs were
elongated 3 cm. Callus formation was seen in the group 2 femurs, but not in those from group 3.
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Fig.6. Typical wave form patterns of the compound
muscle action potential (CMAP). C, control; #, group
number. The peak to peak amplitude became smaller and
the latency became longer progressively from the control
group to group 4.

Table 1. Compound muscle action potential (CMAP)

Group Peak to . Latency
peak amplitude (mv) (msec)
Control 21.0%4.25 1.11£0.11
1 15.8+4.3 | | 1.58+£0.15
2 18.8%6.1 | | 1.7010.14]
3 13.3£5.2% 2.00£0.23 %+
4 11.8£3.0 ; 2.00£0.08 o

Each value is presented as the mean+SD. The test for
averages between different groups was carried out by
one-way ANOVA with Scheffé's multiple comparison
based on parametric dependent variables or by Kruskal-
wallis one-way ANOVA with Hollander-Wolfe's test
based on nonparametric dependent variables.

*, p<0.01 versus the control group; ** p<0.05 versus
group 1.

Table 2. Segmental spinal cord action potential (SSAP)

Number of rabbit

Group
Normal* Grade I Grade I
1 3 1 0
2 2 2 0
3 1 2 1
4 0 2 2

The control group and group 1 rabbits had ' normal
waves. The group 2 and 3 rabbits had grade 1. waves,
while grade I waves were seen in the group 3 and 4
rabbits. a) Refer to Fig. 7.

BIET2E8» 5 (p<0.01).

CMAP 02, "BHEAFY 1.11+0.11msec KK LT
1, 2, 3, 48 &% 4 F1H 15684015, 1.70+0.14, 2.00+
0.23,2.00+£0.08msec &BIEL Tz, 1R LTS3, 4Bz
AN B EIBIEY BT (p<0.05) (3 1).

Sciatic notch stimulation Fibula head stimulation

A

Ay —
Normal —forc- - Pu— —
) Y
Grade | —Afr— A -
I
. =
Grade || =X — T~

_J 100 pv

1 msec

Fig. 7. Wave form pattern of the segmental spinal cord
action potential (SSAP). The 3 types of wave forms after
sciatic notch and fibula head stimulation are shown.
Normal; the wave appears a few phasic spike waves
during both the sciatic notch and fibula head stimulation.
Grade | ; the peak wave decreases and becomes flat,
especially with fibula head stimulation. Grade I ; the peak
wave decreases and is smaller than grade |, and the wave
disappears with fibula head stimulation.

Fig. 8. Light micrograph of a sciatic nerve from a group 4
rabbit. There was no detectable demyelination, fibrosis or
endoneural edema. Scale bar indicates 30 um.
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(®7). hEoEHFH-T, BHEOGERXTo-7. 1#
TRHBEERSEN EBEH SR, 2, 3FTR—H 1 EOEE
Thotz. LaL, ABTRIEOEEF TRATED, ER
HEEOHEMCHE, BEERE, SO A BEIAL &
2).

. iREseRk st

1. YREME, ETHEMETR

HHEDOHEE TR ELIXRD bhich - 7ehd, BEET
EREEOHEINCH - C, MEOEREHIET L CW . T
bbb, 4BETE, BRI OB BEOEMIAHELT
¥h, FOLDKEHBEI HENSEEL TV AARKE IR

Number/number of total axons (%)

05 1 25 5 7.5 10 20 30 40 50 60 70 80 90 100250 2500
Axon area (um?)

Fig.9. Histogram of the axon areas on a peroneal nerve
segment. (O, control group; [, group2; HE, group 4.
The axon areas, especially the large ones, decreased
progressively from the control group to group 4 rabbits.

fo. L L, MERAEOKZ - IBE, MENEOEML, B
WRE, Bt ERBDbhich o7 (K 8).
HREEOL X F 7' 4TI, EREIIHRIZETRGE
FHRFEAH LT, HCEIRD 5D BEERE L LAEACH -
fo. ZOFEL, EREENSECEEHCRD LR (K9).
IR B 20.29m I LT, 18I 14.61pm?,
2 BT 14.03pm®, 3FEL 11.67um’, 4B 10.92xm* TH b,
FHEBREEOBAIL, SBICENTERETIRFAF A
28.0%, 30.9%, 42.5%, 46.2% TH 7= (K10).

BEOBMBE T, BEROHELSOBEELREDLN, Z0
BB S vy =REHMSEVCBICS RO HES -
7o (R11). BEERENHR T, &80 O CEROMRGHE LR

Axon area (um?)

C #1 #2 #3
(n=4955) (n=4702) (n=4646) (n=5220) (n=4650

Group

Fig. 10. Mean value of the axon area on a peroneal nerve
segment. C, control group ; #, group number. The mean
value of the axon area was reduced.in all the elongation
groups compared with the control group.

Fig. 11. Electron micrograph of a transverse section. (A) Control group. (B) Group 4. The axonal changes compared with a
normal axon included atrophy, narrowing, and detachment from the myelin sheath. Scale bar indicates 10 um.
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T, 5vYs R E P OICEBRRE R T o 7. RRICE
NTERMETE, HEOWRBENEARLT, vy =K
B O EHBRSOEEATD bR, 0Lk, 1, 28
CEWTHED LR, Lal, 3, 4BTI1, 2Bk~
TERERLE(LIABEEIhL. 2% 0, EHBTSOMER
A, 3, ABRTIHL,ICHE, 1, 2HIVEEIATS
h, BRRSOHBELS LNBABBELELTLEDOICER
T, 1BETIZHENLPPEBCBITLIRY, 4B TRER
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Fig. 12. Electron micrograph of a longitudinal section. C,
control group: #, group number. The nodes of Ranvier
were elongated progressively from the control group to
group 4. The paranodal myelin sheath shapes were round
in the control group, and straight in the group4. Scale
bar indicates 10 um.
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Fig. 13. Photomicrograph of coronal sections through the L5-L7 segments of the rabbit. (A) Group 2. The motor nuclei were
stained bilaterally. (B) Group 4. Only the normal side motor nuclei were stained. E, elongated side; N, normal side.

Fig. 14. Photomicrographs of stomach mucosal cells and a sciatic nerve. Bromodeoxyuridine (BrdU) was injected intravenously
(50 mg/kg) into the group 2 rabbits every 2 days before and after the end of elongation. The stomach mucosa and sciatic
nerve were excised and embedded in paraffin after perfusion, and stained with HE and BrdU. The stomach mucosal cells

were stained with HE (A) and BrdU (B). The sciatic nerve were stained with only HE (C). BrdU labeled cells were not seen
in the sciatic nerve (D). Scale ber indicates 100 um.
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Fig. 15. Schema of the stress strain curve in each periphe-
ral nerve component during chronic elongation. The black
arrows represent the elongation timings. The white arrow
indicates the disappearance of the nerve’s wavy form
structure. The perineurium, epineurium, endoneurium, and
the connective tissue are able to decrease the strain force
before the next elongation stress is loaded because of
their elasticity ; on the other hand, the myelin sheath and
axon increase the strain force gradually because of their
viscosity, @, myelin sheath, and axon; ), perineurium,
epineurium, endoneurium, and connective tissue.
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Fig. 16. Schema of chronic peripheral nerve elongation. (A)
During slow elongation. The nerve fibers adapt to
elongation by reducing their size and undergo mild nodal
elongation.  (B) During rapid elongation. The nodal
elongation and reduction in nerve fiber size are even more
pronounced. (N) Normal nerve. ¥, The shape of the
paranode is stil round. ** The paranode becomes
straight. MS, myelin sheath; AX, axon; NR, node of
Ranvier.
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Experimental Study of Peripheral Nerve Injury during Incremental Nerve Elongation Using the Rabbit Sciatic
Nerve Yutaka Morishita, Department of Orthopaedic Surgery, School of Medicine, Kanazawa University, Kanazawa
920—J. Juzen Med Soc., 103, 857—869 (1994)

Key words peripheral nerve injury, limb lengthening, elongation
Abstract

The purpose of this study was to clarify the mechanism of peripheral nerve injury during incremental nerve elongation.
Rabbit femurs were gradually stretched 3.0 cm in increments of 0.4 mm/day (group 1), 0.8 mm/day (group 2), 2.0 mm/day
(group 3), and 4.0 mm/day (group 4), using our own external lengthener. The femurs were elongated 31.2% of their initial
lengths. At the end of the elongation, the sciatic nerves were evaluated. Electrophysiologically, the peak to peak amplitude
of the compound muscle action potential (CMAP) became smaller progressively from the control group to group 4,
respectively. The latency of the CMAP became longer progressively from the control group to group 4, respectively. The
wave form of the segmental spinal cord action potential (SSAP) became polyphasic and scanty as the elongation rate
increased. Rapid elongation damaged not only the elongated region but also the proximal region of the nerve.
Histologically, the axon became atrophic, narrower, and detached from the myelin sheath. Demyelination, fibrosis and
endoneural edema did not occur. In the electron micrographs of longitudinal sections, Ranvier's node was elongated and the
paranode became straight in rabbits in groups 3 and 4. When wheat germ agglutinin-horseradish peroxidase (WGA-HRP)
was injected into the tibialis anterior muscle, the lumbar spinal motor nuclei of only the normal side were stained in the
group 4 rabbits. Bromodeoxyuridine (BrdU) was also injected intravenously into the group 2 rabbits. In the elongated
sciatic nerves, the nuclei of the Schwann cells were not stained. The nerve injury from gradual elongation progressed as
follows. During the early phase, the nerve length adapts by the straightening of the wavy form of the funiculus. During the
next phase of elongation, nerve function is maintained by the elongation of Schwann cell bodies, and not by their division,
causing the nerve fibers to become thinner. Thereafter, the nerve length cannot adapt any more, and Ranvier's nodes and the
internodes become elongated, followed by the dissociation of axons from their myelin sheaths. These changes result in
conduction blocks and a disturbance in retrograde axonal transport. Most importantly, there is no Wallerian degeneration
during nerve elongation even if it is elongated up to 4.0 mm/day. Although there was no Wallerian degeneration, there was
complete conduction block, and no retrograde axonal flow in the 4.0 mm/day group. In contrast to the 4.0 mm/day group,
there were no conduction blocks or histologic changes in the 0.8 mm/day group.



